The cellulosome is a macromolecular machine, whose components interact in a synergistic manner to catalyze the efficient degradation of cellulose. The cellulosome complex is composed of numerous kinds of cellulases and related enzyme subunits, which are assembled into the complex by virtue of a unique type of scaffolding subunit (scaffoldin). Each of the cellulosomal subunits consists of a multiple set of modules, two classes of which (dockerin domains on the enzymes and cohesin domains on scaffoldin) govern the incorporation of the enzymatic subunits into the cellulosome complex. Another scaffoldin module-the cellulose-binding domain-is responsible for binding to the substrate. Some cellulosomes appear to be tethered to the cell envelope via similarly intricate, multiple-domain anchoring proteins. The assemblage is organized into dynamic polycellulosomal organelles, which adorn the cell surface. The cellulosome dictates both the binding of the cell to the substrate and its extracellular decomposition to soluble sugars, which are then taken up and assimilated by normal cellular processes.
INTRODUCTION
In recent years, several examples of macromolecular machines or multienzyme complexes that are dedicated to concerted, organized, and efficient catalysis of cellular activities have been described (Alberts, 1998) . Following the pioneering discovery of the ribosome, one of the earliest examples of such a complex to have been described is that of the cellulosome (Lamed et al., 1983b) .
It has been known for many decades that bacteria and fungi produce many different types of cellulases, which are required to catalyze the efficient degradation of crystalline forms of cellulose Coughlan, 1990; Ljungdahl and Eriksson, 1985; Tomme et al., 1995a; Warren, 1993) . For years, it was believed that microbial cellulase systems consisted solely of numerous types of free cellulases that act synergistically on the insoluble substrate. Indeed, many cellulase systems, particularly in aerobic microorganisms, seem to be characterized by free enzymes. Nevertheless, a multicomponent enzyme complex, the cellulosome, was eventually identified and described in the anaerobic, thermophilic, cellulolytic bacterium, Clostridium thermocellum (Lamed et al., 1983a) . Our understanding of the multienzyme cellulosome complex from this bacterium was subsequently augmented by additional discoveries of cellulosomes, first in other clostridial species Doi et al., 1994; Karita et al., 1997; Pohlschröder et al., 1994) and, more recently, in other, evolutionarily more distant, bacteria and fungi (Bayer et al., 1998a; Chen et al., 1998; Fanutti et al., 1995) .
The original discovery of the cellulosome in C. thermocellum was based on a combination of biochemical, immunochemical, ultrastructural, and genetic techniques (Bayer et al., 1983; Lamed et al., 1983a) . Biochemical data demonstrated that the major cellulolytic activity from this organism appears in a large extracellular multicomponent complex. Ultrastructural evidence showed the multisubunit composition and dimensions of the cellulosome and their organization on the cell surface in the form of polycellulosomal organelles. Later, traditional molecular biological approaches led to the cloning, sequencing, and expression of numerous cellulases, some of which turned out to be cellulosome components (Béguin, 1990; Hazlewood et al., 1988) . Comparative analyses of cellulase sequences from different microorganisms indicated that the cellulases are usually partitioned into a series of modules or domains, the functions of which have been verified by supportive biochemical evidence . Moreover, the association of both specialized subunits and unique types of modules with the cellu-FIG. 1. Schematic representation of cellulosome organization and attachment to the C. thermocellum cell surface. The cellulosome and its associated anchoring proteins all comprise modular components. The scaffoldin protein of C. thermocellum, shown in yellow, is composed primarily of nine copies of cohesin module, a Family-IIIa CBD and a type-II dockerin domain. The high-resolution crystal losome has revealed the elegant architecture of these multicomponent complexes (Bayer et al., 1994; Bé-guin and Lemaire, 1996) . More recently, the threedimensional crystal structures of selected cellulosomal protein domains have been elucidated, and the overall structure of the cellulosome complex is slowly being pieced together (Bayer et al., 1998a) .
CELLULOSOME STRUCTURE

The Modular Nature of the Cellulases and Related Enzymes
Cellulases are members of the glycosyl hydrolase families of enzymes, which hydrolyze oligosaccharides and polysaccharides (Henrissat, 1991; Henrissat et al., 1989 Henrissat et al., , 1998 . These enzymes are modular in nature, whereby each module or domain comprises a consecutive portion of the polypeptide chain and forms an independently folding, structurally and functionally distinct unit. All cellulases possess a definitive catalytic domain, which is classified into a glycosyl hydrolase family according to amino acid sequence homology with its brethren. Within a given family, the positions of the catalytic residues are conserved with respect to the common fold. The three-dimensional structures of cellulases and related enzymes from 15 different families, which coincide with 5 different protein folds (Fig. 1, top) , are currently known. For more detailed information concerning the structure and mechanisms of catalytic domains, the reader is referred to recent reviews (Davies and Henrissat, 1995; Henrissat and Davies, 1997; White and Rose, 1997) .
In this sense, the cellulosomal enzyme subunits are not different from related free cellulases; both free and cellulosomal enzymes contain common types of catalytic domains from the same collection of glycosyl hydrolase families. The major difference between the two types of enzymes is that all cellulosomal enzymes known to date contain a dockerin domain, which mediates its integration into the cellulosome complex, whereas noncellulosomal enzymes apparently lack such a domain (Bayer et al., 1994; Béguin and Lemaire, 1996) . In bacteria, the dockerin domain comprises a ca. 70-residue stretch of amino acids, which is distinguished by a characteristic 22-residue repeated sequence (Tokatlidis et al., 1991) . Within this repeated sequence appears a 12-residue segment that exhibits sequence similarity with the EF-hand motif of calcium-binding proteins, e.g., calmodulin and troponin C (Chauvaux et al., 1990) . A putative dockerin domain, comprising a 40-residue repeated sequence, has recently been described in several enzymes derived from anaerobic rumen fungi (Fanutti et al., 1995) . Close inspection (Bayer, unpublished results) indicates that, similar to the dockerins of C. thermocellum, the repeated sequences contain a calcium-binding motif. This indicates that such cellulolytic fungi also produce cellulosomes.
In place of a dockerin domain, free noncellulosomal enzymes usually contain at least one copy of another type of domain-a cellulose-binding domain (CBD)-that serves to target a given catalytic domain to the substrate (Tomme et al., 1995b) . Several cellulosomal enzymes also bear CBDs as part of their structure, although the presence of a CBD seems not to be a definitive cellulosomal characteristic, and its function is not necessarily that of a targeting agent. For this purpose, the cellulosomal enzymes depend collectively on a special CBD, borne by a separate scaffolding subunit (to be discussed below).
Thus far, 18 different cellulosomal enzymes from 10 different families of the glycosyl hydrolases have been described for C. thermocellum (Table I ). In addition, several noncellulosomal enzymes from this organism have been described. Its cellulase system displays an exceptional wealth, diversity, and intricacy of enzymatic components, thereby rendering C. thermocellum the premier cellulose-degrading organism currently known.
Prior to the era of molecular biology (Béguin, 1990;  structures of the former two domains have been solved and are shown in yellow in the insets. The cellulose-binding, planar aromatic strip of the CBD, and the putative dockerin-binding residues of the cohesin are highlighted in red. The schematic cellulosomal catalytic subunits are shown in shades of blue, green, and purple; the crystal structures of five of the known enzymes are shown in the large inset at the top of the page. From left to right they are: endoglucanase A from C. cellulolyticum (PDB code 1EDG), cellobiohydrolase I from Trichoderma reesei (1CEL), endoglucanase E2 from Thermomonospora fusca (1TML), endoglucanase V from Humicola insolens (3ENG), and endoglucanase CelA from C. thermocellum (1CEM). These structures were chosen as representatives of the five classes of protein folds seen to date for the cellulosomal catalytic subunits, as designated at the top of each structure. The enzymes are shown bound to the scaffoldin protein via their attached and highly conserved, type-I dockerin domains. A proposed structural model for the calcium-dependent dockerin domain, based on the EF-hand structure of troponin C (PDB code 5TNC), is shown modeled in green in the inset. The calcium ligands are shown as white spheres, and predicted positions of cohesin-recognition residues are color-coded red. The entire cellulosome, comprising the scaffoldin protein and the catalytic subunits, is bound to the cell surface (left) in either single or multiple copies by interaction of its resident type-II dockerin with type-II cohesin domains of cell-surface anchoring proteins-SdbA, Orf2, and OlpB, shown in orange. Each of these components contains an SLH module, which anchors the parent protein and the attached scaffoldin, together with its complement of enzymes, to the cell surface. Another SLH-containing protein, OlpA, bears a type-I cohesin, which apparently serves to anchor a single cellulase to the cell exterior. Hazlewood et al., 1988) , the assessment of the various enzymatic activities of cellulosomal components was generally accomplished by in situ examination of zymograms following SDS-PAGE (Lamed and Bayer, 1988b) . The paradox in analyzing individual cellulosomal enzymes of C. thermocellum was that SDS treatment at elevated temperatures was required to split the cellulosome into its component parts, but such treatment was deleterious to the activity of at least some of its enzyme components . Nevertheless, this approach has enabled preliminary identification and comparative analysis of various cellulosomal and noncellulosomal cellulase and xylanase activities (Ali et al., 1995; Lamed et al., 1983a; Morag et al., 1990) . Concomitantly, expression and purification of recombinant cellulosomal cellulases have allowed their biochemical assay under milder and controlled conditions (Béguin, 1990; Béguin et al., 1985; Cornet et al., 1983; Gal et al., 1997; Reverbel-Leroy et al., 1997; Wang et al., 1994) . In addition, less destructive technologies for the dissociation of cellulosomal components have provided the means for isolation and examination of the native enzyme subunits (Beattie et al., 1994; Bhat et al., 1997; Morag et al., 1996) . As can be seen from Table I , the cellulosomal enzymes from C. thermocellum range in molecular size from about 40 to 180 kDa. These data corroborate the early biochemical reports on the composition of the cellulosome complex (Hon-nami et al., 1986; Kohring et al., 1990; Lamed and Bayer, 1988b; Lamed et al., 1983b; Mayer et al., 1987) . The smaller Note. Catalytic modules are shown in boldface font. Abbreviations of modules: Doc, dockerin domain (Type I); CBD IV , cellulose-binding domain (Family IV); GH5, glycosyl hydrolase (Family 5); FAE, ferulic acid esterase; AXE, acetyl xylan esterase; NodB, enzyme activity similar to AXE, but unrelated in sequence; Ig, immunoglobulin-like domain; X, other modules or linking segments of unknown function.
a Includes signal sequence. Values for mol. wt. determined from the peptide sequence.
cellulases (Ͻ70 kDa) are characterized by a single catalytic domain attached to a dockerin domain, usually via a linker segment. As the cellulosomal enzymatic subunits become larger, they usually take on additional modules. One exception is the relatively large CelS, which seems to contain only one catalytic domain together with its dockerin . This enzyme contains a particularly large, Family-48 catalytic domain, and a crystal structure of a representative cellulase from this family has recently been solved (Parsiegla et al., 1998) .
Since the initial description of the cellulosome in C. thermocellum, the CelS subunit was singled out as the predominant cellulosomal component (Lamed and Bayer, 1988a; Lamed et al., 1983b; . The native CelS catalytic domain, proteolytically clipped from its neighboring dockerin domain, was eventually isolated from the intact cellulosome in viable form, and its various properties were investigated . CelS was described as the major cellulosomal cellobiohydrolase or exo-acting enzyme, which appears to exhibit a ''processive'' type of activity whereby a cellulose chain is cleaved sequentially. In addition, the native enzyme was shown to be severely inhibited by cellobiose, a characteristic property of the intact cellulosome. Later, an expressed recombinant form of CelS was purified, and its characteristics were found to be very similar to those of the native enzyme subunit . It is clear that the Family-48 enzyme subunit is a critical component of bacterial cellulosomes.
''Helper'' Modules
Another important type of cellulase contains a Family-9 catalytic domain, and the C. thermocellum cellulosome includes at least four such enzymes, CelD, CelF, CbhA, and CelJ (see Table I ). Two crystal structures, representing two subtypes of this particular family of glycosyl hydrolase, are currently known, and their comparison conveys exciting implications concerning the modular nature of the cellulases. In both cases, the structure of the Family-9 catalytic domain is very similar, displaying an (␣/␣) 6 -barrel fold and equivalent catalytic machinery. The difference, however, is in their neighboring modules, which, fortunately, cocrystallized with the respective Family-9 catalytic domain. The catalytic domain of the cellulosomal CelD from C. thermocellum was the first cellulase to have been crystallized, and the crystal structure revealed an N-terminal neighboring seven-stranded immunoglobulin-like (Ig) domain of unknown function (Juy et al., 1992) . A crystal structure for a different type of Family-9 catalytic domain has recently been described from a thermophilic aerobe, Thermomonospora fusca (Sakon et al., 1997) . This particular type of cellulase (equivalent to CelF from the C. thermocellum cellulosome) lacks the immunoglobulin-like domain, but its Family-9 catalytic domain is intimately linked to a C-terminal Family-III CBD in its stead. This CBD is special. Many of the recognized cellulose-binding residues are not conserved, and the CBDs of this particular subtype have thus been reclassified as a separate subfamily (IIIc). The Family-IIIc CBDs have been proposed to act in concert with the catalytic domain by binding transiently to the incoming cellulose chain, which is then fed into the active-site cleft pending hydrolysis. Thus, this type of CBD does not contribute to the primary binding to crystalline cellulose, but appears to participate more directly in the catalytic function of the enzyme by promoting the processive character of its action (Bayer et al., 1998b; Gal et al., 1997; Irwin et al., 1998) .
The information derived from the Family-9 enzymes suggests that the action of catalytic domains can be modified by accessory modules, which can either supplement or otherwise alter the overall properties of an enzyme. The recurrent appearance in nature of a given type of module adjacent to a specific type of neighboring catalytic domain may indicate a functionally significant theme. In this regard, it is worthwhile noting the proximity of a Family-VI CBD with the xylanases. Another recurring theme among cellulolytic enzymes is the frequent association of an N-terminal Family-IV CBD with an Ig-associated Family-9 cellulase. These observations raise the possibility of a more general role for certain types of CBD and other modules; their association with certain types of catalytic domain could signify a ''helper'' role, whereby they could recognize and bind a particular conformation of a cellulose chain (perhaps exposed or generated by the action of another type of CBD or cellulase) and thread the chain into the active-site pocket of its neighboring catalytic domain.
Bifunctional Enzyme Subunits
Many of the larger cellulosomal enzyme subunits in C. thermocellum possess more than one catalytic domain. In this context, some microbial xylanases (i.e., certain members of glycosyl hydrolase families 10 and 11) contain an additional enzymatic module that exhibits esterase activity (e.g., ferulic acid esterase or acetyl xylan esterase activity). XynA, XynY, and XynZ (Table I) are examples of such xylanases in the C. thermocellum cellulosome. The two catalytic domains could act in concerted fashion on hemicellulose components of the plant cell wall, thereby hydrolyzing the xylan chain while separating it from the lignin component.
Likewise, other examples of paired catalytic do-mains, such as those displayed by cellulosomal CelJ, CelH, and CelE, may similarly promote concerted action on cellulosic substrates (Table I) . In many cases, the coupling of two different types of catalytic domains into the same polypeptide is quite peculiar to the C. thermocellum cellulosome. Thus, the presence of Family-9 and Family-44 catalytic domains in the same protein is unique, as is the combination of a Family-5 catalytic domain together with one from Family 26. Such intimate combinations of enzymes, however, might prove to be a more common occurrence, when additional cellulosomal components from other microbial strains are discovered. In summary, before we even begin to describe the structural arrangement and principles of cellulosome formation in C. thermocellum, we can already see how intricate are its component parts. The major factor, however, that distinguishes the cellulosomal enzymes from their noncellulosomal counterparts, is the presence of a dockerin domain.
The Scaffoldin Subunit
The enzymatic subunits of the cellulosome are organized into the complex via their interaction with a specialized scaffoldin subunit. The currently known scaffoldins and the details of their modular structure are listed in Table II . To date, cellulosomal scaffoldins have been described for four species of the genus Clostridium. The scaffoldin subunits are very large, modular polypeptides. Each of them contains a single Family-IIIa CBD, one or more conserved hydrophilic modules of unknown function, and, most importantly, multiple copies of cohesin domains. The modular organization of the scaffoldins, known to date, appears to represent two basic types. The C. thermocellum scaffoldin carries an internal CBD and a C-terminal type-II dockerin domain, which presumably anchors it to the cell surface, whereas the other three species have N-terminal CBDs and lack a type-II dockerin. Such generalizations can only be provisional, since our current knowledge is based on only four completed scaffoldin sequences. The structural organization of the cellulosomes in nature might show much greater diversity than we now consider.
Although the overall structure of the cellulosome is not entirely clear, the general principles that appear to govern the incorporation of its enzymatic subunits into the complex seem to be remarkably simple. In this context, the dockerin domains of the enzymatic subunits engage in a very stable type of binding interaction with the cohesin domains of the scaffoldin subunit. The binding is calcium dependent, a feature that apparently stems from the calcium-binding motif of the dockerin domain (Choi and Ljungdahl, 1996; Lytle et al., 1996; Yaron et al., 1995) . Interestingly, there seems to be little or no specificity in the binding among the various cohesins and the dockerins within a given cellulosome. The different cohesins seem to recognize nearly all of the dockerins in an equivalent manner. It thus seems that the enzymatic subunits would be incorporated into the cellulosome in a random manner, which would generate heterogeneity in cellulosome composition. Evidence to this effect has indeed been reported for at least one cellulosomal bacterium, C. papyrosolvens (Pohlschröder et al., 1995) . However, even in this system, the cellulosome preparation could be separated into relatively homogeneous fractions, indicating that each might comprise a given type of scaffoldin and a different complement of cellulosomal enzymes. The question of random or selective incorporation of the cellulosomal subunits into the complex is still an open issue.
The Family-IIIa CBD of the scaffoldin is a ''conventional'' CBD, which exhibits recognition of, and strong binding to, crystalline cellulose . As a consequence of its action, this CBD mediates the primary recognition and binding of the scaffoldin subunit (along with its attached cellulosomal enzymes) to the cellulosic substrate. When the cellulosome is implanted in the cell surface (see below), the scaffoldin CBD thus mediates the binding of the entire cell to the insoluble substrate (Bayer et al., 1996). In addition to the initial binding event, such CBDs have been implicated in the disruption of the noncovalent interactions between the chains of the crystalline substrate (Din et al., 1991 (Din et al., , 1994 . This activity may assist in the transfer of a separated cellulose chain to helper modules (e.g., the FamilyIIIc CBD) borne by the enzymatic subunits, which would in turn promote subsequent hydrolysis by an adjacent catalytic domain. In this manner, the various modules of the cellulosomal subunits would be expected to act in concerted fashion, which could explain, in part, the observed synergistic action of cellulosomal components. The crystal structure for the Family-IIIa scaffoldin CBD from C. thermocellum has been determined (see Fig. 1 , CBD inset) . The CBD exhibits a nine-stranded jellyroll topology that forms two antiparallel ␤ sheets. At the top of the structure, the module forms a shallow groove of unknown function. The opposite face assumes a flat planar surface, upon which a series of surface-exposed amino acid residues can be found, which potentially interact with three successive chains of the cellulose surface. The stacking interactions between a linear strip of aromatic residues on the plane of the CBD surface and the glucose rings along one of the cellulose chains are considered to be the major factor in the recognition and strong binding. This contention has been supported by recent site-directed mutation studies (S. Yaron, E. A. Bayer, R. Lamed, and Y. Shoham, unpublished results). The putative binding residues on the planar aromatic strip of the CBD are shown in red in the inset of Fig. 1 . These are facilitated by a group of five additional residues that are considered to serve to anchor the surface of the CBD to two additional chains of the substrate. The structure thus forms a flat binding surface that complements the flat surface of its cellulosic substrate.
The Type-I Cohesin-Dockerin Interaction
The cohesin-dockerin interaction defines cellulosome structure. If we can solve the three-dimensional structures for both domains, preferably for the cohesin-dockerin complex itself, we would gain irrefutable insight into the molecular mechanism of recognition and binding of the enzymatic subunits into the complex.
To date, two crystal structures of recombinant cohesin domains alone have been determined (see Fig. 1, cohesin inset) . The scaffoldin of C. thermocellum has nine highly homologous cohesin modules. High-resolution structures of cohesin domains 2 and 7 have been solved independently and were found to consist of a nine-stranded ␤-sandwich with jellyroll topology (Shimon et al., 1997; Tavares et al., 1997 ).
This topology is remarkably similar to that of the C. thermocellum scaffoldin CBD, despite a lack of sequence similarity. One wonders whether the jellyroll fold is a functional requirement for scaffoldin organization and dynamics.
Two of the longer loops protrude from the surface of the molecule but are constrained by an extensive network of hydrogen bonds. The entire structure is stabilized by a tightly packed aromatic/hydrophobic core. The cohesins domains form crystallographic dimers that utilize a highly conserved and extended hydrophobic surface. The formation of the dimer could have functional consequences, either in the recognition of the dockerin counterpart or in the packaging of the various cohesins into the scaffoldin suprastructure.
The surface of the cohesin domain is devoid of any obvious binding pocket or cleft and therefore gives no hint regarding possible dockerin binding sites. Intraand cross-species binding studies as well as sequence comparisons make some speculation possible as will be discussed below.
Although a three-dimensional model for the dockerin structure is still lacking, we can obtain relevant structural information from their sequences. About 50 different dockerin sequences from cellulosomal enzymes are currently known from about 10 different organisms. As mentioned earlier in this review, a strictly conserved portion of their aligned sequences is homologous to the calcium-binding loop of the EF-hand motif of proteins such as troponin C (Chauvaux et al., 1990) , and crystal structures for the latter have been documented (Herzberg and James, 1988) . It is assumed that this 12-residue duplicated stretch in the dockerin structure would adopt a similar fold when bound to calcium. The dockerin inset in Fig. 1 shows a model of the dockerin domain, based on the known structure of a typical EF-hand motif as a prototype structure.
The abundance of known cohesin and dockerin sequences from the cellulosomes of different microorganisms has enabled us to speculate as to the amino acid residues on each type of domain that may contribute toward their mutual recognition. By employing correlation analyses among dockerins and cohesins of distinct specificities, we were able to predict putative recognition determinants on each (Bayer et al., 1998b; Pagès et al., 1997) . The latter residues are color-coded red in the respective insets in Fig. 1 , and it is implied that the corresponding regions on the two domains would interact. The validity of this approach is currently being examined by site-directed mutation and biochemical analysis. Ultimately, the determination of the solution or crystal structure of the cohesin-dockerin complex will be necessary to define unequivocally the interaction on the molecular level.
Cell-Surface Anchoring Proteins of Clostridium thermocellum
The cellulosome of C. thermocellum is in essence a cell-surface component. Early in the life cycle of this organism, i.e., in the early logarithmic phase of growth, the cellulosome is intimately associated with the cell surface (Bayer et al., 1985; Lamed and Bayer, 1988a) . During the late-exponential growth phase, the cellulosome begins to disengage from the cell. Finally, in the stationary phase, most of the cellulosome particles become detached from the cell and appear in the extracellular medium, usually bound to the residual substrate.
To date, molecular information regarding cellsurface proteins that potentially mediate the binding of the cellulosome has been described only for C. thermocellum (see Table III ). Pioneering studies in this direction initially revealed three genes, which, together with the scaffoldin subunit, form a cluster on the genome of this organism (Fujino et al., 1993) . The genes encoded three proteins, termed OlpB, Orf2p, and OlpA, which were suspected to be cellsurface proteins by virtue of a specialized module, termed SLH (S-layer homologous) domain. This domain occurs in three copies at the C-terminus of the latter proteins. SLH modules have previously been demonstrated in S-layer proteins from other grampositive bacteria (Lupas et al., 1994) , and they are believed to mediate the apparent noncovalent attachment of the parent protein to the peptidoglycan and/or associated cell-surface components. A fourth gene, coding for another SLH-containing protein termed SdbA, has also been discovered in a different locale of the C. thermocellum chromosome (Leibovitz and Béguin, 1996; Leibovitz et al., 1997) .
More recently, another gene for an additional C. thermocellum SLH-containing surface protein, called SlpA (S-layer protein A), has been described ( Lemaire et al., 1998) . This particular component appears to be the major glycoprotein component of the S-layer in C. thermocellum and probably functions as a fundamental structural component of the outer cell envelope. The derived amino acid sequence of SlpA is remarkably in accord with the published amino acid composition of a previously described cell-surface glycoprotein (Lamed and Bayer, 1988a) . The SLH module appears at the N-terminal region of the SlpA. This arrangement is consistent with Slayer proteins from other bacteria but differs from that of the other known surface proteins of this bacterium, in which the SLH module is at the C-terminus. The SLH module of SlpA also differs in sequence, immunochemical properties, and biochemical properties from the other C. thermocellum surface proteins. The rest of the SlpA sequence also reflects its relationship to the family of S-layer proteins, each of which contains a common type of core sequence punctuated by reiterated motifs. The fact that SlpA is a glycoprotein, with a carbohydrate component estimated at about 10% of its total molecular mass (Lamed and Bayer, 1988a) , suggests that its oligosaccharide residues would be exposed to the extracellular medium, thus forming a major fraction of the exocellular carbohydrate coat of the bacterium.
The other four proteins appear to play a direct role in anchoring the cellulosomal enzymatic components to the cell surface (see Fig. 1 ). OlpA contains a single type-I cohesin domain, which has been shown to bind directly to cellulosomal enzymes via their resident type-I dockerin domains (Salamitou et al., 1994) . In contrast, the other three proteins (SdbA, Orf2p, and OlpA) appear to bind selectively to the dockerin domain of the scaffoldin subunit (Béguin and Lemaire, 1996) . The cohesin sequences of these proteins are similar among themselves but clearly different from those of OlpA and the scaffoldin subunit. The two types of cohesin can be distinguished on the basis of size, sequence homology, and dockerin specificity. Cohesins such as those of scaffoldin or OlpA, which recognize the dockerins of the enzymatic subunits, are classified as type-I cohesins, whereas cohesins that recognize the scaffoldin dockerin are classified as type-II cohesins. In C. thermocellum, the type-II cohesin-dockerin interaction appears to define the incorporation of the cellulosome onto the cell surface. SdbA, Orf2p, and OlpA contain one, two, and four copies of the type-II cohesin domain, respectively. Assuming a stoichiometric association with the type-II dockerin domain, we would thus anticipate that each anchoring protein would bear the corresponding number of cellulosomal units (Fig. 1) . It is currently unclear why different anchoring proteins would be required on the C. thermocellum cell surface for binding to the cellulosome or why the anchoring proteins would contain different numbers of type-II cohesins.
The other class of scaffoldin, e.g., those from C. cellulolyticum, C. cellulovorans, and C. josui, lack the type-II dockerin domain. This suggests that if the cellulosomes of these organisms are cell-surface components, then their association thereto would presumably be mediated via a different mechanism.
CELLULOSOME ULTRASTRUCTURE
The Cell Surface of Cellulolytic Microorganisms
Evidence from several laboratories has indicated the presence of multienzyme complexes or cellulosome-like entities on the surfaces of many different cellulolytic microorganisms (Bayer et al., 1994; Lamed et al., 1987b) . In some cases, the major portion of cellulolytic activity seems to be intimately associated with the cell surface. Cellulolytic bacteria are commonly characterized by distinctive protuberance-like surface structures. Unfortunately, these structures are not usually stable to dehydration steps during processing of samples for electron microscopy. In order to view the cell-surface protuberances in the electron microscope, they must be stabilized; for this purpose, either specific labeling methods (i.e., antibody-or lectin-based labeling) or more general labeling methods (e.g., labeling of anionic sites using cationized ferritin) can be employed (Lamed et al., 1987a) .
Using this approach, a clear correlation between cellulolytic activity and the appearance of protuberance-like structures on bacterial cell surfaces could be demonstrated (Lamed et al., 1987b) . Scanning electron microscopy proved to be an effective method for viewing these structures. The correlation of cellsurface protuberances with cellulolytic cells was evident over a wide range of physiological and evolutionary boundaries. Cellulolytic strains displayed these surface structures, whether they were grampositive or negative, mesophilic or thermophilic, aerobic or anaerobic. Noncellulolytic strains lacked these structures. Moreover, mutant cells or otherwise depleted cells from cellulolytic microorganisms also lacked the protuberances that the untreated wild-type strain possessed.
The presence of these cell-surface structures on the different microorganisms suggest, but do not necessarily prove, the presence of cellulosomes. Protuberance-like structures were generally associated with various cellulosome-related activities, including cell-surface cellulase activity, cellulosome-specific immunolabeling, and cellulosome-associated lectin-specific labeling; it is particularly noteworthy that these activities tended to traverse species lines. Thus, antibodies produced against the C. thermocellum cellulosome cross-reacted with a variety of cellulolytic bacteria, including anaerobic and aerobic, mesophilic strains. In certain cases, exocellular material was separated by SDS-PAGE, and the interaction of the immunochemical and saccharide-specific probes with various components was established; high-molecular-weight components appeared to be selectively labeled , indicative of either cellulosomal scaffoldin subunits or anchoring proteins.
The Cell Surface of Clostridium thermocellum
The cell surface of C. thermocellum has been studied extensively by transmission and scanning electron microscopy Bayer et al., 1985; Lamed and Bayer, 1986; Mayer, 1988) . The conclusions from these studies have provided insight into the life cycle of the bacterium and its interaction with its cellulose substrate.
A schematic view of a bacterial cell bound to cellulose is shown in Fig. 2A . Some of its protuberances are in the quiescent, resting state, whereas those that are in contact with cellulose are in a protracted conformation.
When cells of C. thermocellum are grown on cellobiose-4-O-(␤-D-glucopyranosyl)-D-glucopyranose, which forms the disaccharide unit of the cellulose chain-the cell surface exhibits an array of quiescent polycellulosomal protuberance-like structures. A transmission electron micrograph of a cellobiose-grown cell is shown in Fig. 2B . The cell is covered with quiescent protuberances. A close-up view of a single protuberance, immunolabeled with cellulosome-specific antibodies, is presented in Fig.  2C , and the micrograph is interpreted schematically in Fig. 2D . The data indicate that the cellulosomes generally coat the exterior surface of the resting protuberance. A 25-nm electron-transparent interspace separates the outer dense plane of the cell surface from the base of the protuberance. Its visual proximity to the S-layer could suggest that the interspace may simply represent a region formed by the glycoprotein core and reiterated motifs of SlpA (see Table III and earlier discussion). A bird's-eye view of the S-layer of C. thermocellum is shown in Fig. 2E .
Actually, cellobiose-grown cells would appear not to need cellulosomes at all, since the final outcome of cellulosome action is to completely solubilize the cellulose to produce very high concentrations of soluble sugars, mainly cellobiose and some glucose. The cellobiose is then taken up by the cell in any case, and the disaccharide is converted to glucose enzymatically along the way. In a cellobiose-grown cell, the cellulosome should be redundant. It thus appears that in this organism the cellulosome and its scaffoldin subunit are crucial constitutive components of the cell, which are produced whether they are immediately required or not. So too are the anchoring proteins, which connect them to the cell surface, and presumably constitute defined portions of the protuberances.
When a resting cellobiose-grown cell comes into contact with cellulose, the protuberances undergo a dynamic structural transformation, whereby they protract to form fibrous contact corridors. A transmission electron micrograph of an antibody-labeled cell, bound to cellulose, is shown in Fig. 2F . Cell-tosubstrate distances of over 500 nm have been observed. A higher magnification of the protracted protuberances is shown in Fig. 2G , and the schematic interpretation is presented in Fig. 2H . As can be seen, most of the cellulosomes appear to be attached to the cellulose substrate; they are still connected to the cell surface via fibrous material that may represent, at least in part, anchoring proteins, such as SdbA, Orf2p, and OlpB. As mentioned above, it is unclear why several different types of anchoring protein would be required to bind the cellulosomes to the cell surface. This could suggest that the architecture and dynamics of the polycellulosomal organelles reflect a higher-order arrangement of the anchoring proteins and their attached cellulosomes. In any event, upon binding, the cellulosomes begin to solubilize the substrate extracellularly and the large concentrations of cellobiose are apparently taken up by the cell via an appropriate transport system. En route, a cell-associated ␤-glucosidase and/or cellobiose phosphorylase may be involved in the conversion of the cellobiose into glucose and glucose 1-phosphate, which are metabolized intracellularly by conventional biochemical pathways .
Finally, negative staining techniques have been used in previous works to study the structure of isolated cellulosomes and their interaction with cellulose (Lamed and Bayer, 1988a; Lamed et al., 1983a, b; Mayer, 1988; Mayer et al., 1987; Pohlschrö-der et al., 1995) . A collection of free cellulosomes from C. thermocellum is shown in Fig. 2I , and a pair of cellulose-bound cellulosomes are shown in Fig. 2J . This approach is still valid today and further progress awaits the application and improvements afforded by contemporary technology.
FUTURE PROSPECTS
The next phase of cellulosome research will likely deal with further identification and characterization of cellulosomes from other representative bacteria and fungi. These studies are necessary to expand our knowledge concerning the diversity of cellulosome systems in nature. The description of each new system contributes additional and sometimes surprising information, and we are only at the beginning of the learning process. These types of studies are difficult to perform. The large scaffoldin subunits and anchoring proteins with their repetition of multiple cohesins and other repeated segments are particularly problematic and difficult to sequence. Nevertheless, the information is vital for us in our endeavors to refine our knowledge of cellulosome structure. Such information will improve our understanding of intracellulosomal protein-protein interactions and those between the cellulosome and cellsurface anchoring components. It is especially important to identify such anchoring proteins in other microbes, since our only information in this regard is from the C. thermocellum system. Hopefully, refinement of our knowledge of the interactions among cellulosomal components will help us control them for potential biotechnological application (Bayer and Lamed, 1992; Bayer et al., 1994; Pohlschröder et al., 1995) .
On the structural front, the trend is to try to determine representative structures of the various cellulase and cellulosomal domains. The structural elucidation of the cohesin-dockerin complex is obviously of primary importance. In addition, it would be convenient to accumulate structural information for the accessory domains, which may even elucidate their as yet unknown function(s). Further information into how a given ''helper'' module modifies the action of the catalytic domain will become more meaningful as the area progresses. Improved electron microscopical data for intact cellulosome structure and ultrastructure will be useful for modeling and reconstruction experiments. Although many cellulosome preparations are clearly heterogeneous, their fractionation could lead to more homogeneous subpopulations, which may even be subject to crystallographic study.
Finally, we envision the eventual production of controlled types of cellulosomes, whereby exogenous types of catalytic domains will be artificially included in the complex by grafting of suitable dockerin domains and incorporation of the hybrid enzymes via interaction with a scaffoldin counterpart. The cellulosome and its related proteins thus comprise an intriguing system of study, which continues to be of interest in both basic and applied science.
